The Cape Verde islands are part of the African Sahelian arid belt that possesses an 17 irregular rainy season between August and October. This erratic rain pattern has 18 prompted the need for water reservoirs, now critical for the country's sustainability. 19
Introduction 40 41
The available freshwater in the African archipelago of Cape Verde (DMS coordinates 42 15°07'12.51" N, 23°36'18.62" W) does not cover its needs. In addition, 43 overexploitation and saline intrusion can impair the quality of groundwater [1] . 44
Several water storage structures are being planned around the country in order to 45 collect storm water needed to increase irrigated areas and modernize agriculture. 46
However, these waters can carry nutrients of natural and anthropogenic origin, 47 creating conditions for eutrophication and exponential growth of microalgae. These 48 algal blooms have deleterious impacts on public health, water quality, and 49 environmental issues, as well as economic costs due to bottom anoxia, release of 50 noxious products, and toxic metabolites [2, 3] . Actually, these events are occurring 51 more frequently worldwide, and it is thought that global climatic changes are a 52 major contributor to this problem [4] [5] [6] . 53
To evaluate the risk of occurrence of algal blooms in freshwater bodies it is 54 important to characterize their microbial composition. In non--eutrophic freshwater 55 systems, the most commonly abundant bacterial groups are, in order of decreasing 56 relative abundance, Actinobacteria, Bacteroidetes, Proteobacteria (Alpha, Beta and 57
Gamma clades), Verrucomicrobia and Cyanobacteria [7] [8] [9] [10] [11] [12] . In contrast, eutrophic 58 waters contain microbial communities that include large numbers of cyanobacteria, 59 environment. 74
The leveraging of molecular methods provided by Next Generation Sequencing (NGS) 75 allows researchers to gain new insights into microbial community structure in 76 environment samples, identify new community members and discover potential 77 bioindicators of water quality. 78
To determine the current risk of toxin production in the Cape Verdean freshwater 79 reservoirs, we performed NGS analysis of 16S rRNA gene amplicon sequences to 80 identify microalgae and bacteria in the reservoirs. Our results show the presence of 81 several cyanobacterial genera well known to produce toxins in all reservoirs. We 82 were able to reconstruct, for the first time, the full genome of a potentially toxic 83 5 cyanobacterium from Cape Verde, based on the full metagenome sequencing data of 84 Faveta reservoir. Analysis of this genome revealed the presence of genetic 85 machinery used to synthesize cyanotoxins. The results of our biodiversity survey, 86 phylogenetic analysis, and genome reconstruction, lead us to conclude that toxin risk 87 is a reality and potential future threat in these reservoirs. 88
Materials and methods 89 90 
Study sites and Sampling 91
This study was conducted on the Cape Verdean Island of Santiago (Fig 1) . During 92 sampling, in February 2014, only Poilão (B1), Saquinho (B2) and Faveta (B3) 93 reservoirs had water while Figueira Gorda and Salineiro were empty at the tie of 94 sampling. Other contextual information on Santiago Island's reservoirs is 95 summarized in Table 1 . representation of the structure of the microbial community in each of the sampled 152 sites. A complete assignment of the more abundant bacterial genera in our samples, 153 was generated by Kraken running the full Bacterial Genbank Reference sequences 154 [29] , excluding the sequences assigned previously as chloroplasts by QIIME. The peak with lower GC was in the range of our target species and most of its reads 169 have high coverage numbers since they belong to the numerically most abundant 170 species. Two different approaches were used to isolate this genomic contribution: 171 one using CONCOCT v0.41 [32] a binning tool that operates based on sequence 172 coverage and composition, and another exploring the high coverage percentage of a 173 single genomic contribution by assembling reads from the raw sequencing data that 174 had coverage above 60x. In both methods, short sequences were filtered out (length 175 < 1,000 bp). Taxonomy of CONCOCT bins was then determined by Kraken [29] To reconstruct the phylogenetic relationships of Microcystis strains we inferred a 212 species tree using a set of 12 publicly available fully sequenced genomes. The species 213 tree was constructed from a concatenation of DNA sequences from a set of seven 214 single copy housekeeping genes present in all genomes (ftsZ, glnA, gltX, gyrB, pgi, 215 recA and tpi), using maximum likelihood phylogenies to infer the genetic variation of 
Genome annotation and general features

Results
234
Diversity of the microbial communities in the reservoirs 235 We profiled the bacterial biodiversity in three reservoirs of the island of Santiago 236 using 16S rRNA gene amplicon next generation sequencing. This marker gene is 237 universal in bacteria and it is also present in chloroplasts of eukaryotes, which 238 allowed us to detect both bacteria and eukaryotic phytoplankton. In the Saquinho reservoir, 37 phyla were detected and 0.5% of unassigned 264 sequences. The Proteobacteria represented 20% of the OTUs, Bacteroidetes 5.4%, 265
Actinobacteria accounted for 4.1%, and Verrucomicrobia 2.4%. Cyanobacteria in this 266 reservoir represented only 0.6% of the OTUs, the lowest percentage of the three 267 sampled reservoirs. This site had the highest number of OTUs associated with green 268 algae (63%), distributed between the Cryptophyta with 62% and stramenopiles with 269 1% of the identified OTUs (Fig 2A) . Blastn of the cryptophyte 16S rRNA sequence 270 revealed a hit for Cryptomonas curvata plastid partial ribosomal RNA operon (strain 271 CCAC 0006) with 97% identity. 272
Faveta reservoir had the lowest number of phyla, accounting for 29 distinct phyla 273 and 1.1% of the sequences classified as unknown. The most abundant phylum was 274
Cyanobacteria with 58.6% of the OTUs and included two genera known to harbor 275 toxic species: Microcystis accounted for 55.7% and Planktothrix 2.8% ( Fig 2B--C) . 276
Proteobacteria was the second most abundant phylum with 18.6% assignments; 277 algae at this site represented 5.1% of the identified OTUs. 279
In summary, our survey revealed distinct microbial community structures of the 280 three sampled reservoirs, which is confirmed by the beta diversity analysis in Fig 3D . with a total of 75.6% of the reads mapping back to its contigs. The SPADES 308 assembled genome was 4.9 Mbp with a completeness level of 99.8% with 84% of the 309 reads mapping back to contig reads from the sequencing effort (S3 Fig and S1 Table) . 310
The SPADES assembly was chosen due to its estimated completeness level and total 311 genome size (plotted in a graphical representation in Fig 4) , distributed over 262 312 contigs with length over 1,000 bp and an average GC content of 42.3%. From a total 313 of 5,484 genes annotated, we identified 45 RNA genes, of which 42 were tRNA 314 genes, one tmRNA, and one rRNA set (5S/16S/23S), as well as 5051 protein--coding 315 genes and predicted functions for 91% of all genes (Blast2GO). Considering the 316 importance of metabolite transport and transduction of signals through membranes 317 in cyanobacteria, we also searched for and identified 112 genes with signal peptides 318 and 3,443 genes with transmembrane domains. Major statistical attributes of M. cf. 319 aeruginosa CV01 genome are described in Table 2 . 320 321 322 Four partial prophage regions were detected in M. cf. aeruginosa CV01. The first 334 region, with GC content 45.3%, is 9.4 Kb, encodes for 8 proteins and harbors protein 335 coding sequences (CDS) from a previously described infecting phage, P--TIM68, Toxin genes and toxic species 383 In order to identify the risk of production of toxic cyanobacterial metabolites, we 384 searched the M. cf. aeruginosa CV01 genome for non--ribosomal peptide synthases 385
(NRPS) and NRPS/polyketyde synthases (PKS) hybrid gene clusters. 386
Genes that contribute to the synthesis of aeruginosin (NRPS/PKS/saccharide), 387 cyanopeptolin (micropeptin) and microviridin molecules were detected. Aeruginosin 388 and cyanopeptolin gene clusters were present and were non--halogenated (aerJ and 389 mcnD genes where not detected) (Fig  4) . Regarding microcystin gene clusters, some 390 genes were present, nevertheless the full gene cluster was not represented. 391
Putative genes for the synthesis of cyanopetide metabolites like spumigin 392 (aeruginosin), aeruginoside (aeruginosin), ambiguine (terpene--alkaloid), and 393 piricyclamide (post--translational modified peptides) were also detected, but not 394 their complete gene clusters. Finally, one unknown NRPS/PKS gene cluster was 395 identified, showing the potential to produce peptide molecules that are yet 396 unknown. 397 398 The studied reservoirs show three distinct microbial/microalgae community profiles, 405 despite being located on the same island and in a radius of 15 kilometers from each 406 other: in two sites, bacteria were dominant (Proteobacteria and Cyanobacteria) and 407 in the other reservoir microalgae belonging to the cryptophytes were the most 408 abundant taxa. The dominant species from one of the reservoirs was identified as a 409 M. aeruginosa strain through phylogenetic studies, placing it closer to other strains 410 collected in continental Africa. Microcystis spp. were detected in all three reservoirs, 411 as well as other cyanobacteria known to bloom and produce cyanotoxins. Our 412 analysis of the assembled M. cf. aeruginosa CV01 genome revealed that it can 413 produce toxins and therefore, a potential risk of toxin production can exist in Cape 414
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Verdean reservoirs. 415
Our microbial biodiversity survey revealed distinct community structures in the three 416 reservoirs ( Fig 3D) . In fact, Proteobacteria dominated Poilão reservoir, mainly 417 bacteria from the Acinetobacter genus, while in Saquinho reservoir microalgae from 418 the Cryptomonas genus were dominant, and in Faveta reservoir the cyanobacterial 419 strain M. cf. aeruginosa CV01 was the most abundant. Despite being located on the 420 same island and having common microbial groups, we found that each phyla's 421 quantitative distribution varied substantially between reservoirs (Fig 2A) . 422
Nevertheless, the profiles from the reservoirs identify groups that are common in 423 other water bodies studied worldwide despite the differences in relative quantities 424 21 as is the case of Cyanobacteria, Cryptophyta, Actinobacteria, Bacteroidetes, 425
Verrucomicrobia, and the three clades of Proteobacteria (Alpha, Beta and Gamma) 426 In each reservoir, one genus prevailed with a relative abundance above 50%: in 429
Poilão was this was Acinetobacter, in Saquinho it was Cryptomonas, and in Faveta 430
the Microcystis genus. Besides the operational starting date differences between the reservoirs (Table 1 ) 437 and no physical communication between lakes, abiotic factors specific for each site 438 might be involved in the dominance variations within the microbe communities. 439
The dominance of one cyanobacterial strain in Faveta, allowed us to assemble and 440 fully study its genome, and to identify genes, allowing the reconstruction of toxin 441 pathways and assessing the toxin risk inherent in this specific strain. Exploration of 442 the assembled genome also revealed genomic features in common with other M. 443 aeruginosa genomes (Table 2) . Some phage genes were found integrated in the 444 genome of M. cf. aeruginosa. Myoviridae "photosynthetic" freshwater cyanophages 445 (Ma--LMM01 and MaMV--DC) were also found. These genes are thought to play an 446 important role during phage infection by supplementing the host with the 447 production of photosynthesis proteins, a process that can be also beneficial to the 448 22 host during the infection process as suggested by some authors [61, 70, 71] . These 449 horizontal gene transfer events are shaping the genome architecture of the 450
Microcystis genus, providing a supplementary advantage that can be important 451 during cyanobacteria blooms. A region containing chlorophyll a apoproteins A1 and 452 A2 synthesis genes was also identified, but since these are single copy genes located 453 near transposase sequences in this new genome, they were probably misidentified 454 as having phage origin. 455
We identified four NRPS/PKS gene clusters that could synthesize potentially toxic 456 metabolites: three well--known metabolites (aeruginosin, cyanopeptolin, and 457 microviridin, represented in Fig  4A) and another metabolite from one yet unknown 458 gene cluster. The real toxic potential of these metabolites is difficult to determine, as 459 the actual synthesis pathways are not fully known, so further toxicological screenings 460 need to be performed. as we also detected in the island of Santiago. Moreover a recent review on the 474 occurrence of cyanobacterial blooms in Africa [78] shows that there is limited 475 information from western African countries, including Cape Verde, exposing the 476 need for further studies in countries were water quality is threatened and scarce. 477
Therefore, our study increases the available information on cyanobacterial 478 communities described for the western African region. The scarcity of renewable 479 freshwater resources of archipelagic states like Cape Verde is aggravated by the 480 terrain that favors torrential water flows and strong anthropogenic pressures on the 481 environment leading to eutrophication of its freshwater bodies and increased risk of 482 toxic algal blooms. 483
The main threat and concern from our analysis, was the identification of a bacterial 484 community dominated by M. cf. aeruginosa CV01, which signals the possibility of 485 toxic blooms in Cape Verdean reservoirs, since exponential growth is typical of this 486
species. 487
The occurrence of blooms and toxin production are potential life--threatening risks to 488 public health, so monitoring plans are very important. The costs involved in these 489 control and containment strategies can be prohibitive especially for low and middle--490 income countries. Hence, approaches like the one proposed in this work, which 491 enabled the identification of potentially toxic cyanobacterial genera through 16S 492 rRNA gene markers could be an interesting alternative, without the time--consuming 493 and expertise--dependent microscope identification of toxin--producing organisms or 494 mass spectrometry--base identification of toxins. NGS is still not widely available but 495 DNA sampling kits are easy to use and can be sent to sequencing facilities at cost--496 24 effective prices. Other more sophisticated technics are possible such as lab on a chip, 497 mass spectrometry or even portable NGS devices, that can be adapted to use our 498 workflow in the field, but if a simple molecular lab is available, a PCR assay could also 499 be efficient to detect the presence of specific putative cyanotoxin genes. These 500 strategies can alert authorities and populations before bloom formation and toxin 501 production. 502
Cyanobacteria are currently being developed and used for bio--production of 503 metabolites and biomass in algal farms, for example in the production of human 504 dietary supplements, fertilizers, animal feed or biodiesel, to name a few uses [79-505 83]. Cape Verde has little land suitable for agriculture, but it has temperature and 506 light conditions that are speculated to be suitable for simple bioreactors for biomass 507 production using photosynthetic microorganisms like green algae or cyanobacteria. 508
The observation of spontaneous blooms of cyanobacteria in freshwater reservoirs 509 lends credibility to this hypothesis, and opens the way for a new productive industry 510 in the archipelago. 511
The present work identifies the existence of real risk for cyanotoxin production in 512 Cape Verdean freshwater reservoirs. Similar structures are planned, which will also 513 need to be studied and monitored. Future work should include studies on the 514 dynamics of the local microbial communities, as well as characterize how 515 environmental factors are affecting their organization, in order to predict and 516 control the impacts of water impairment and toxin production on public health and 517 on the economy. In this study we made use of many freely available open source 518 tools, which represent, to our knowledge, innovative research strategies in Cape 519
Verde. This study will open the way for further research on microbial biodiversity 520 25 and other genomic studies in the archipelago, and raise questions relevant for 521 different areas of research and application. 
